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A PHOTOVOLTAIC SOLAR SENSOR FOR USE I N  SPACECRAFT 

ORIENTATION CONTROL SYSTEMS* 

By Anthony Fontana 
Langley Research Center 

SUMMARY 

A simple photovoltaic so l a r  sensor has been designed, constructed, exten- 
s ive ly  ground t e s t ed  i n  simulated space environments, and space t e s t ed  during a 
suborbi ta l  f l i g h t .  The sensor has the capabi l i ty  of so l a r  capture from any 
i n i t i a l  o r ien ta t ion  within i t s  spherical  f i e l d  of view and the capabi l i ty  of 
accurate pointing toward the so l a r  t a rge t  without the introduction of e r r o r  by 
ear th-ref lected so la r  rad ia t ion .  
onds of a r c  a t  a pointing e r ro r  of 1 minute of a rc .  The s e n s i t i v i t y  and l i n e a r  
range of the sensor a re  adjustable .  
i a t i on  degradation i s  provided. The sensor i s  conservatively estimated t o  have 
an ear th-orbi t  l i fe t ime of 10 years with no more than 10-percent degradation. 

The sensor has a r epea tab i l i t y  of k2.4 sec- 

State-of-the-art  protect ion from space rad- 

INTRODUCTION 

A so la r  sensor can be defined as a device having an e l e c t r i c a l  output 
which provides su f f i c i en t  information t o  allow the determination of both the 
magnitude and d i rec t ion  of t he  instantaneous angular pointing e r ro r  of the  
n u l l  axis of the  sensor r e l a t i v e  t o  the so la r  vector. That is ,  a so l a r  sen- 
sor i s  a device which, when used as an input t o  an a t t i t u d e  control  system, 
provides f o r  the  or ien ta t ion  of a specif ied ax is  of a spacecraft  toward the 
center  of t he  so la r  disk.  

In  the future,  as has been i n  the past ,  the degree of success a t ta ined  i n  
various space missions w i l l  depend on the r e l i a b i l i t y  and performance of the 
simple photovoltaic so l a r  sensor. The photovoltaic so l a r  sensor i s  inherently 
r e l i a b l e  and has su f f i c i en t  accuracy f o r  use i n  space missions which require 
so l a r  or ientat ion f o r  the purpose of converting the rad ian t  energy of the  sun 
t o , e l e c t r i c a l  power, so l a r  or ien ta t ion  f o r  the  purpose of so la r  observation and 
study, so l a r  sensing f o r  the  purpose of obtaining an interplanetary naviga- 
t i o n a l  reference, and so la r  or ien ta t ion  for temperature balance. Among the 
major pro jec ts  which require t h e  use of solar sensors f o r  e i the r  so l a r  observa- 
t i o n  or  navigational references a re  Orbiting Solar Observatory, Orbiting 
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~~ . . . ..- * The information presented herein w a s  prepared f o r  submission as a thes i s  
i n  p a r t i a l  fu l f i l lment  of t he  requirements f o r  the degree of Master of  Elec t r ica l  
Engineering, University of Virginia, Charlot tesvi l le ,  Virginia, October 1-96?. 
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Geophysical Observatory, Ranger, Mariner, Surveyor, and Lunar Orbiter. These 
projects have a combined total of over 50 earth-orbit, lunar-orbit, lunar-probe, 
and planetary-probe missions scheduled between 1963 and the mid 1970's. 

In view of the apparent continuing need for the photovoltaic solar sensor, 
it is appropriate that a general purpose photovoltaic solar'sensor has been 
designed and constructed. The purpose of this paper is to describe this gen- 
eral purpose solar sensor, which has simple but unique design, construction, 
and operation, enabling it to satisfy the requirements of present space missions 
with respect to simple solar sensors. 

A photovoltaic solar sensor, which was similar to the general purpose sen- 
sor described herein, was space flight tested as part of NASA's Spacecraft 
Orientation Control Systems (SOCS)  Project in September 1963. 
vived the rugged launch environment and functioned properly during the 7-minute 
ballistic test period. A complete description of the Project SOCS spacecraft 
and a detailed analysis of the flight test results are presented in reference 1. 

The sensor sur- 

SYMBOLS 

Measurements in this report are given in the SI system with the exception 
of nautical miles. To convert nautical miles to kilometers, the value of the 
U.S.  Customary Unit was multiplied by 1.85. 

force of the earth's gravitational field per unit mass 

instantaneous short circuit current of a silicon solar cell 

initial short circuit current of a silicon solar cell 

negative semiconductor on positive semiconductor 

positive semiconductor on negative semiconductor 

shielding, grams per square centimeter 

half-angle field of view of the fine sensor, degrees 

the angular pointing error caused by earth-reflected solar radiation, 
degrees 

the m a x i m u m  angular pointing error caused by earth-reflected solar 
radiation at a specific altitude, degrees 

electron flux, electrons per square centimeter per day 

angle formed by the earth-sun line of centers and the line from the 
center of the earth to the sensor, degrees 
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DESCRIPTION 

A drawing of a test model solar sensor is shown in figure 1. It is actu- 
ally a dual sensor composed of coarse sensing elements, used during target 
capture maneuvers from large initial error angles, and fine sensing elements, 

Coarse 
sensing 
elements - 

Yaw axis 

7 Pitch axis 

Si I icon 
solar 
cell - 

Sensor 
switch 

t r igger ing 
element - 

Figure 1.- Drawing of a solar sensor. 
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used during accurate pointing. 
so l a r  c e l l s  connected i n  se r i e s .  Geometrically opposing coarse sensing elements 
and geometrically opposing f i n e  sensing elements are e l e c t r i c a l l y  connected i n  
a ba t te ry  bridge c i r c u i t ,  as shown i n  f igure  2, f o r  t he  purpose of obtaining a 

The sensing elements are composed of s i l i c o n  

sensor output with an e l e c t r i c a l p o l a r -  
i t y  which indicates  the  direct ion of 
t h e  pointing e r ro r .  The coarse sensing 
elements located i n  both the  p i t ch  and 
yaw axis provide the  sensor with a f u l l  
spherical  f i e l d  of view and thus the  
capabi l i ty  of capturing the so la r  tar- 
ge t  from an i n i t i a l  e r ro r  angle of 
180~. It should be noted at t h i s  point 
tha t ,  whereas t h e  sensor shown i n  f ig -  
ure 1 i s  adequate for t e s t  purposes, i n  
an ac tua l  space mission the  four coarse 

in te rva ls  on the  outer extremes of the 

t h e  coarse sensor i s  not obstructed by 

sensing elements must be located a t  90' 

payload so t h a t  t he  f i e ld  O f  view O f  

any p a r t  of the payload. 

c 
Figure 2.- Schematic diagram of a SiWle 

sensing element. 

To examine the  need f o r  a dual solar sensor, a spacecraft  equipped with an 
a t t i t u d e  control  system and a coarse sensor i s  assumed t o  be i n  o rb i t  about t h e  
ear th  and t o  be oriented with respect t o  t h e  ear th  and sun as shown i n  figure 3 .  
The sensor, having a spherical  f i e l d  of v i e w ,  w i l l  be able  t o  observe both t h e  
ear th  and sun simultaneously. Since the  ear th  r e f l e c t s  a great deal  of so la r  
radiation, the  sensor ac tua l ly  sees two sources of rad ia t ion  and w i l l  require 

To sun 

'r Tosun 

Figure 3 . -  Effec t  of ear th-ref lected so la r  rad ia t ion  on solar sensing. 
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t h a t  t he  spacecraft o r ien t  i t se l f  toward some point between the  two sources; 
t h i s  or ientat ion i s  dependent upon the angular separation and r e l a t i v e  intensi-  
t i e s  of the  radiat ion sources. Therefore, an angular pointing e r r o r  0 (see 
f i g .  3 )  w i l l  e x i s t  with respect t o  the so la r  vector because of ear th-ref lected 
solar radiat ion.  If the  f i e ld  of view of the assumed sensor i s  l imited t o  the  
conical angle a (see f i g .  3 ) ,  the sensor can no longer observe both the ear th  
and the  sun simultaneously. Thus, when oriented toward the  sun, the  sensor i s  
unable t o  see the  earth,  and i t s  pointing accuracy is unaffected by earth- 
re f lec ted  so la r  radiat ion.  

O O  

The preceding discussion establ ishes  the  need f o r  a dual sensor composed 
of coarse sensing elements, which have the fu l l  spherical  f i e l d  of view neces- 
sary t o  provide capture capabi l i ty  from large e r ro r  angles, and f i n e  sensing 
elements, which have a f ie ld  of view limited t o  the  extent  t h a t  t he  pointing 
accuracy i s  unaffected by ear th-ref lected solar radiat ion.  Reference 2 sets 
fo r th  the  basic concepts of a dual sensor and presents a mathematical descrip- 
t i o n  of t he  pointing e r ro r  caused by ear th-ref lected so la r  radiat ion as a func- 
t i on  of the  geocentric angle $ and t h e  a l t i t u d e  o f t h e  sensor. The formula 
derived i n  reference 2 w a s  used t o  calculate  t he  r e l a t ion  between the  pointing 
e r ro r  caused by ear th-ref lected so la r  radiat ion 8 and the  geocentric angle I) 
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shown i n  f igure 4. Although t h e  r e l a t ion  presented i n  f igure  4 i s  f o r  a spe- 
c i f i c  a l t i t u d e  of 300 naut ica l  miles (555 kilometers), t he  shape of t h e  curve 
i s  typical .  

It should be  noted tha t  regardless of t h e  l imi t a t ion  of t he  angular f i e l d  
of view of the f i n e  sensor, pointing e r ro r s  due t o  ear th-ref lected so la r  radia- 
t i o n  w i l l  always occur when the sun appears t o  be near t h e  ear th  horizon, t h a t  
is, when the  geocentric angle i s  near 90'. However, as shown i n  figure 4, the  
pointing e r ro r  due t o  ear th-ref lected so la r  radiat ion decreases rap id ly  as the  
geocentric angle approaches 90'. While the  sun i s  within a degrees of t he  
ear th  horizon, t he  extent t o  which t h e  f i n e  sensor output i s  usable w i l l  depend 
upon the mission parameters (such as o r b i t  inc l ina t ion  and a l t i t u d e  i n  the  case 
of ear th  o r b i t s )  and the  absolute so l a r  pointing accuracies required. 

The preceding discussion has been concerned with the  ear th  as a source of 
re f lec ted  so la r  radiation, bu t  the  concepts involved apply t o  the  albedo of any 
planetary body or natura l  sa te l l i te  tha t  becomes s igni f icant  during interplane- 
t a r y  o r  lunar missions. 

The boundary of the  conical angle a, (see f i g .  1) serves as the  t r igger ing  
point f o r  an electronic  c i r c u i t  which switches from the coarse sensing elements 
t o  the  f i n e  sensing elements. In  order t o  insure capture of t h e  so l a r  disk, the  
switching angle (equal t o  
angle Om, where 8- i s  established by t h e  mission parameters. A t  the  
in s t an t  t he  pointing e r ro r  becomes equal t o  t h e  switching angle, t he  sensor- 
switch t r igger ing  element, which i s  a photoconductive diode, i s  illuminated by 
so lar  radiat ion and i t s  in t e rna l  res is tance is  changed from a nominal value of 
1000 megohms t o  a nominal value of 1000 ohms. 
tance of the  photoconductive diode can be used t o  t r i gge r  the  electronic  
switching c i r c u i t .  

u) must be grea te r  than the maximum pointing e r ro r  

This change i n  in t e rna l  r e s i s -  

The composite output charac te r i s t ic  of t he  single-axis so la r  sensor i s  
shown i n  f igure  5 .  
f o r  pointing e r rors  from zero t o  +ao and from the  coarse sensing elements for 
pointing e r rors  from +ao t o  +180°. The slope of t h e  output obtained from the 
f i n e  and coarse sensing elements i s  control led by the  load and by op t i ca l  
coatings tha t  are deposited on the  ins ide  of the  sapphire windows. A de ta i led  
descr ipt ion of these op t i ca l  coatings and the construction of sensing elements 
i s  given i n  a later sect ion of t h i s  paper. 

The sensor output i s  derived from the  f i n e  sensing elements 

The continuous slope of the sensor Character is t ic  m a k e s  it convenient t o  
add a damping s ignal  t o  the  sensor output through t h e  use of simple resis tance-  
capacitance lead networks. Damping, and thus stable control,  can be provided 
from zero t o  +go0 of pointing e r ro r  by two lead networks, one connected t o  each 
axis of the sensor. Separate lead networks are recommended f o r  use i n  conjunc- 
t i o n  with the  f i n e  and coarse sensing elements t o  compensate f o r  t he  possible 
difference i n  the  slopes of t h e i r  outputs. The resis tance and capacitance 
values of the  lead networks depend upon the  magnitude of the  control l ing torque 
and input impedance of the  control  system with which the  sensor i s  being used 
and upon the  t o t a l  i n e r t i a  of t he  vehicle being oriented. 

6 



100 

50 

0 

- 5 0  

-100 
-1' 

o u t  
s e n  

3 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- a  
I 

I 

I 

p u t  o f  f i n e  
s i n g  e l e m e n t s  

I 
I 
I 
I 
I 
I 

I 
a 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I I 

-90  0 90 

A n g u l a r  p o i n t i n g  e r r o r , d e g  

Figure 5.- Single-axis solar sensor output characteristic. 
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The wide angvlar range through which a damping s igna l  i s  avai lable  a t  the  
sensor output terminals a l l o w s  t h e  properly adjusted a t t i t u d e  control  system t o  
damp out i n i t i a l  angular r a t e s  which might be introduced by the  launch vehicle.  
Also the  angular momentum b u i l t  up by the  control  system i t s e l f  while capturing 
from a large e r ro r  angle can be damped out. 

ENVIRONMENT 

The so lar  sensor m u s t  be capable of surviving both the  space environment 
and the  environment created by the  launch vehicle. 

Space Environment 

Since the ionizing radiat ion of t he  near ear th  space environment i s  gen- 
e r a l l y  more dense than t h a t  of interplanetary space, t h e  space environment 
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usually encountered by earth orbiting spacecrafts will be the environment con- 
sidered in this paper. 
semiconductors is the electron and proton belts which are geomagnetically main- 
tained in the earth's magnetosphere. Semiconductor damage, which is caused by 
solar flare proton storms, galactic cosmic rays, solar X-rays, gamma rays, and 
micrometeoroids, is of secondary importance but will be indirectly considered 
in the discussion which follows. 

The greatest hazard of the earth orbit environment to 

Effects of degradation.- Degradation of the silicon solar cells, which form 
the solar sensing elements of the sensor, by ionizing radiation will be evi- 
denced by a reduced sensitivity only or by a combination of reduced sensitivity 
and null shift of the sensor output. Reduction of the sensitivity only indi- 
cates equal degradation of the two opposing sensing elements but does not alter 
the ability of the sensor to indicate zero pointing error or to provide an out- 
put which can be accurately used by the orientation control system of a space- 
craft. A reduced sensitivity does, however, reduce the accuracy with which 
angular measurements can be made by the sensor. The occurrence of a null shift 
along with reduced sensitivity indicates unequal degradation of the opposing 
sensing elements and reduces the accuracy of both the indication of zero 
pointing error and the angular measurements. Both the reduction of the sensi- 
tivity and the null shift of the output are highly undesirable and must either 
be eliminated or be confined to a tolerable limit. 

Angular measurements can not be accurately made by the coarse sensor since 
its output is contaminated by earth-reflected solar radiation; therefore, 
degradation of the coarse sensor is relatively unimportant and the following 
discussion of radiation protection w i l l  be confined primarily to the fine sen- 
sor. Also, the following discussion is based on a fine sensor field of view 
of 25O (a = 2 5 O ) .  

Radiation protection.- Radiation protection for the solar sensor is 
obtained through proper geometric design, the use of sapphire cover windows for 
the sensing elements, the selection of the proper type of cell, the selection 
of an appropriate cell base material resistivity, the use of optical coatings 
on the cover windows, and preirradiation of the solar cells. 

Geometric design: The geometric design of the fine sensor provides the 
majority of the radiation protection for the fine sensing elements by limiting 
the field of view to only 6 percent of 4 s  steradians, or in other words, by 
limiting the radiation dosage rate to 6 percent of the omnidirectional space 
radiation dosage rate. The preceding assumes that the fine sensor block pro- 
vides perfect protection throughout the remaining 94 percent of 4rc steradians, 
which in turn implies an infinitely thick shield. The fine sensors have thus 
far been constructed of aluminum which has a density of approximately 2.7 g/cm3 
and which at an average thickness of 0.625 cm offers a shielding of 1.7 g/cm2. 
A shielding of 1.7 g/cm2 is effectively infinite for short-duration space mis-  
sions, but for extended-duration space missions, steel at a density of approxi- 
mately 8.0 g/cm3 and an average thickness of 0.625 cm offers the more adequate 
shielding of 5 g/cm2. 

Cover windows: The second deterrent to radiation damage of the sensing 
elements is the cover windows which are mounted directly over the silicon solar 



c e l l s .  (See f i g .  1.) The cover window material i s  a r t i f i c i a l  sapphire and w a s  
chosen because of i t s  resis tance t o  degradation i n  a radiat ion environment 
(ref.  3) and because of i t s  r e l a t i v e l y  high density as compared t o  the  glasses.  
The ac tua l  thickness of t h e  sapphire windows i s  0.15 cm, but, because of the  
loo mounting angle of the f ine  sensing elements and the  l imited f i e l d  of view, 
the  so l a r  radiat ion has an average angle o f  incidence with the  sapphire windows 
of 67.50 which gives an average e f f ec t ive  window thickness of 0.392 cm. Arti- 
f i c i a l  sapphire has a density of 4.0 g/cm3 and at a thickness of 0.392 cm pro- 
vides a shielding of 1.57 g/cm2. 

I n  order t o  evaluate the  effectiveness of t h e  sapphire windows in reducing 
the rad ia t ion  damage of the  sensing elements, it i s  necessary t o  draw from the 
data generated by recent space and ground research r e l a t ive  t o  the  radiat ion 
damage i n  semiconductor mater ia ls .  The T e l s t a r  I experiment i s  one of the  most 
thorough combinations of both space and ground s tudies  of semiconductor radia- 
t i o n  damage avai lable  (ref. 4)  and i n  t h e  in t e re s t  of s implici ty  and expediency 
t h i s  Telstar data  will be used i n  the  following evaluation of the  cover windows 

Telstar had on board several  rad ia t ion  damage experiments, which consisted 
of N/P s i l i con  solar c e l l s  protected by sapphire windows of various thick- 
nesses, i n  addi t ion t o  t he  main power supply, which w a s  made up of 
so la r  c e l l s  of t h e  same production l o t  and which w a s  protected by 0.075-cm 
th ick  sapphire covers. It i s  rea l ized  t h a t  the damage rate data  obtained from 
these Tels ta r  experiments appl ies  only t o  t h e  Tels tar  orb i t ;  but, since t h i s  
o rb i t  had an apogee of 3043 naut ica l  m i l e s  (5630 kilometers), a perigee of 
512 naut ica l  miles (947 kilometers),  and an inc l ina t ion  of 44.8O, the  satel l i te  
traversed the  hear t  of t he  inner Van Allen B e l t  and thus t h e  radiat ion dosage 
r a t e  encountered represents a conservative average. By comparing the  space 
experiment data  with t h a t  data obtained from the ground i r r ad ia t ion  of 
N/P 
possible t o  determine t h e  1MeV electron f lux  t h a t  will produce an equivalent 
damage rate i n  N/P so lar  c e l l s  protected by a given shielding. The so l id  
curve of f igure 6 i s  the  ac tua l  Tels tar  1 data and the  dashed extension i s  
extrapolated data ( r e f .  5 ) .  

N/P  s i l i con  

s i l i con  so lar  c e l l s  of t he  same production l o t  with 1 MeV electrons,  it i s  

The other  curve i s  p lo t ted  from t h e  equation 

Equivalent 1 MeV electron f l u x  = 1.04 x s-l.5) electrons /cm2/day 

where s i s  t h e  shielding i n  grams per square centimeter. Because of i t s  
close cor re la t ion  with the  T e l s t a r  I data, t h i s  equation i s  used t o  extend the 
Telstar data in to  the  range of sh ie ld  thicknesses which a r e  of i n t e re s t  rela- 
t i v e  t o  the so lar  sensor. Figure 6 establ ishes  the  f a c t  tha t ,  a t  a shielding of 
1.57 g/cm2, 5.3 X 1011 1 MeV electrons/cm2/day w i l l  produce a damage rate which 
is  equivalent t o  t h e  damage rate produced by the  ionizing radiat ion of t he  space 
environment. The importance of t h e  preceding will be i l l u s t r a t e d  l a t e r  i n  t h i s  
paper. 

C e l l  type: I n  s t r iv ing  t o  achieve the  ultimate i n  res is tance t o  rad ia t ion  
damage, t he  select ion of t h e  type of s i l i con  s o l a r  c e l l  becomes important. 
Si l icon so la r  c e l l s  of the  
r e s i s t a n t  t o  radiat ion damage than 

N/P type have been conclusively proven t o  be more 
s i l i con  so la r  c e l l s  ( r e f .  3). P/N 
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Tel s t a r  I da ta  .~ 

_ _ _ _  Extrapolated Tels ta r  I da ta  

_ _  l.04xlO1*( ~ - ~ . 5 ) e l e c t r o n s / c m ~ /  day 

1 I I ... .. .J 1. 1 
.9 1.1 1.3 

L .  I. _I- . I  
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Cover t h i c k n e s s ,  glcm2 

Figure 6.- The 1 MeV electron flux space damage r a t e  equivalent i n  N/P so la r  c e l l s .  
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Base material r e s i z t iv i ty :  The r e s i s t i v i t y  of t he  base mater ia l  m u s t  a l so  
be considered when select ing t h e  so l a r  c e l l  most resistant t o  radiat ion damage. 
Figure 7 w a s  taken from reference 6 and shows t h a t  s i l i con  s o l a r  c e l l s  with 
higher base-material r e s i s -  
t i v i t y  a re  more r e s i s t a n t  
t o  radiat ion damage than 
those c e l l s  with lower 
base-material r e s i s t i v i -  
t i e s .  The dr i f t  f i e l d  
base material  and those 
base materials with a 0 

r e s i s t i v i t y  greater  than H" 

10 ohm-cm are current ly  8 
experimental. Although 2 
it i s  possible t o  obtain $ 
c e l l s  with these experi- 2 
mental base materials i n  
the  l imited numbers 
required f o r  the construc- 
t i o n  of so la r  sensors and 
although the  use of  these 
c e l l s  i s  recommended, pro- 
duction c e l l s  with a base 
mater ia l  r e s i s t i v i t y  of 
10 ohm-cm have been used 
i n  the  sensor described 
herein. 

50 
0 1 ohm-cm h 
0 10 ohm-cm 
A 25 ohm-cm 
0 25 ohm-cm ( d r i f t  f i e l d )  

0 1011 1012 1013 1014 1015 1016 

DJsnge, 1 MeV electrons/cm2 

Figure 7.- Comparison of base r e s i s t i v i t y  with percent 
change i n  shor t  c i r c u i t  current caused by 1 MeV 
electrons.  

Optical coatings: The spec t ra l  response of a s i l i c o n  solar c e l l  degrades 
much more with i r r ad ia t ion  a t  the  longer wavelengths than a t  the  shorter  wave- 
lengths. Therefore, through the  use of a commercially avai lable  op t i ca l  
coating (which can be vacuum-deposited i n  multi layers on the inside of t he  sap- 
phire  cover windows) the  longer wavelengths of so l a r  radiat ion t o  which t h e  
c e l l s  respond can be ref lected,  thus the  e f fec t ive  amount of degradation can be 
reduced. The degradation of the spec t r a l  response of an N/P s i l i con  so la r  
c e l l  with 1 M e V  e lectron i r r ad ia t ion  i s  shown i n  f igure  8 (ref.  3 ) .  
imposed upon t h e  spec t r a l  response curves i s  the  transmission curve of t he  
op t i ca l ly  coated cover window. By using the  curves presented i n  f igure  8, it 
can be calculated t h a t  wlthout the op t i ca l  coating the  s i l i con  so lar  c e l l s  w i l l  
have degraded approximately 50 percent a f t e r  a dosage of 1 X 10l6 electrons/cm2, 
whereas, with the  op t i ca l  coating the c e l l s  w i l l  have i n  e f f ec t  degraded only 
approximately 25 percent after a dosage of 1 x 1016 electrons/cm2. 
subjected t o  equivalent mounts of radiatfon, t h e  so la r  sensor equipped with 
these op t i ca l  coatings can be expected t o  degrade only 50 percent of t he  amount 
a sensor not so equipped would degrade. 

Super- 

Thus, when 

The general purpose so l a r  sensor w i l l  operate a t  angles of incidence 
between 55' and 80°. The transmission curve of t he  cover window and o p t i c a l  
coating combination of figure 8 was measured a t  a normal angle of incidence. 
As  the angle of incidence increases, the transmission w i l l  decrease and the  
transmission curve w i l l  s h i f t  toward the  u l t r a v i o l e t  end of t he  spectrum. A t  
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Figure 8.- Reduction of e f f ec t ive  degradation of s i l i c o n  solar c e l l s  through the  use 
of op t i ca l  coatings. 

an angle of incidence of 60°, the transmission w i l l  have decreased approxi- 
mately 10 percent and t h e  curve w i l l  have sh i f t ed  approximately 20 millimicrons 
toward the u l t r a v i o l e t .  
mission will continue t o  decrease but the spec t r a l  s h i f t  w i l l  remain near 
20 millimicrons. 
does not s ign i f i can t ly  a l t e r  the fac tor  by which the degradation of the so la r  
sensor i s  reduced by the use of the op t i ca l  coating since the shape of the 
transmission curve does not change appreciably. The s h i f t  of the  transmission 
curve toward the  u l t r a v i o l e t  end of the spectrum i s  negl igible  w i t h  respect t o  
the calculat ion of t he  fac tor  by which the  degradation of the sensor i s  reduced 
by the use of the op t i ca l  coating. 

A s  the  angle of incidence approaches 80°, the  t rans-  

The var ia t ion  of the  transmission with angle of incidence 

Preirradiat ion:  
increasing the resis tance of a s i l i con  so la r  c e l l  t o  rad ia t ion  damage i s  t h a t  
of pre i r rad ia t ion .  The s i l i c o n  so lar  c e l l  degrades exponentially at higher 
dosages as shown i n  f igure 9 ( r e f .  6). 
curve for  an N/P 
10 ohm-cm when i r r ad ia t ed  by 1MeV electrons.  

Probably the  most e f fec t ive  and powerful technique f o r  

Figure 9 i s  a t y p i c a l  degradation 
s i l i c o n  solar c e l l  t h a t  has a base mater ia l  r e s i s t i v i t y  of 

The data presented in  tab le  I 
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Figure 9.- Typical degradation of a 10 ohm-cm N/P silicon so la r  cell by 
1 MeV electrons. 

were taken from f igure  9 and i l l u s t r a t e  t he  advantage t o  be gained with the  
pre i r rad ia t ion  technique. These data show t h a t  the  1 MeV electron radiat ion 
required t o  degrade the  so la r  sensor from 20 percent t o  10 percent of i t s  
o r ig ina l  output i s  f i v e  orders of magnitude greater  than t h a t  required t o  
degrade the sensor from 100 percent t o  90 percent of i t s  o r ig ina l  output. 

A secondary, but important, advantage of the pre i r rad ia t ion  technique i s  
the  opportunity of matching the degradation r a t e s  of the s i l i con  so lar  c e l l s .  
It has been establ ished t h a t  solar c e l l s  which i n i t i a l l y  degrade equal amounts 
f o r  a given rad ia t ion  dosage tend t o  continue t o  degrade equally a t  higher 
radiat ion dosages. Therefore, during the process of pre i r rad ia t ing  s o l a r  ce l l s ,  
it i s  convenient t o  s e t  aside pa i r s  of c e l l s  which have shown equal degradation 
r a t e s .  By placing one member of a matched p a i r  i n  one sensing element and the  
other member i n  the  opposing sensing element, it i s  possible t o  insure tha t  the 
opposing sensing elements w i l l  degrade approximately equally i n  the  space 
environment; thus, the  p o s s i b i l i t y  of n u l l  s h i f t  i n  t he  output of the  so la r  
sensor can be s ign i f i can t ly  decreased. The extent t o  which the  n u l l  s h i f t  of 
the sensor i s  lessened by degradation r a t e  matching of t h e  solar c e l l s  depends 
on the  accuracy of t he  matching process. Presently, the  avai lable  so l a r  c e l l  
degradation information i s  based on data points  too widely spaced t o  permit a 
de ta i led  analysis of the  slope var ia t ions of the  degradation curves. However, 
the  avai lable  degradation information, having data  points  spaced at dosages 
d i f fe r ing  by one order of magnitude ( re f .  6), i s  su f f i c i en t  t o  s t a t e  t h a t  so la r  
c e l l s  can be matched during pre i r rad ia t ion  t o  the  extent t h a t  the divergence 
from t h e i r  o r ig ina l  slope w i l l  not be grea te r  than 2 percent during future  
exposure t o  damaging radiat ion which produces an addi t ional  10-percent drop i n  



the  short  c i r c u i t  current  of the c e l l .  The l a t t e r  statement has not been ver i -  
f i ed  beyond a t o t a l  degradation of 40 percent of the  i n i t i a l  short  c i r c u i t  
current .  
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- only approximately 1 2  percent, 
- whereas the  shor t -c i rcu i t  cur- 

ren t  degrades approximately 
~ 45 percent.  Thus, the  so l a r  

- 

- sensor which i s  operated near 
open c i r c u i t  w i l l  degrade 
only 27 percent of t he  amount 
t h a t  a sensor which i s  operated 
near short  c i r c u i t  will degrade 
f o r  an equivalent rad ia t ion  
dose. 

- 
- 

- 
- 

The significance of these 
seven techniques f o r  the reduc- 

- t i o n  of the radiat ion damage 
- t o  the f i n e  so l a r  sensor ( i . e . ,  

geometric design, sapphire cover 
windows, type of c e l l ,  c e l l  
r e s i s t i v i t y ,  op t i ca l  coatings, 
p re i r rad ia t ion ,  and loading) i s  
i l l u s t r a t e d  i n  the appendix 
where the contribution of each 

- 

- 
- 
- technique i s  calculated.  

Operating temperature.- 
I n  general, the  output of so la r  
c e l l s  decreases with increasing 
c e l l  temperature. Because of 

' 1 1 1 1 1 1 1 1 1  ' ' ' t h i s  re la t ionship  between out- 
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Figure 11.- Reduction of operating temperature of solar cells through the use 
of optical coatings. 

transmission curve i s  superimposed upon the  so la r  spectrum (ref.  8) t o  show tha t  
the  opt ica l  coating r e f l e c t s  infrared so la r  radiat ion thus establ ishing a lower 
equilibrium temperature of t he  sensing elements. The ac tua l  mount o f  in f ra red  
radiat ion re f lec ted  by the op t i ca l  coating i s  65 percent. 
t ha t  the absorption of the cover window and op t i ca l  coating combination i s  less 
than 1 percent a t  a l l  wavelengths longer than 0.45 micron. 
a l l  the  infrared s o l a r  radiat ion which is  not transmitted by the  window/coating 
combination i s  re f lec ted  s o  t h a t  no s igni f icant  heat i s  generated within the  
cover window. 

It should be noted 

Thus, essent ia l ly ,  

Launch Environment 

The solar sensor described herein has been subjected t o  and has survived 
the  extensive launch environmental t e s t i n g  summarized i n  t ab le  11. 
magnitudes w e r e  es tabl ished by consideration of t h e  avai lable  data  on the pas t  
performance of t h e  pa r t i cu la r  launch vehicle t ha t  w a s  used by NASA's Spacecraft 
Orientation Control Systems Project and do not necessar i ly  represent t h e  maximum 
magnitudes t h a t  t h e  sensor can withstand. 

The t e s t  
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CONSTRUCTION 

Figure 12 is a photograph of a single coarse sensing element. Figure 13 
is a photograph of the parts of the fine sensor before assembly; and figure 14 

. .  shows the completely assembled fine sensor. 

Triggering element assembly. Fine sensing element assembly 

L-63-1711 
Figure 12.- Single coarse sensing 

element. 

The construction of the 
sensing elements is schemat- 
ically illustrated in fig- 
ure 15. Antireflection 
coatings are available which 
can be deposited on the out- 
side of the cover window for 
the purpose of increasing the 
overall output of the silicon 

Fine sensor block 

L-63-9267 
Figure 13. -  Fine sensor parts before assembly. 

solar cells. The use of these antireflection coatings is not recommended, how- 
ever, because of their exposure to direct ionizing radiation and resulting 
inherent degradation. The optical coating is protected by the sapphire window; 
thus, degradation of this coating is negligible for most space missions. The 
potting compound holds the components of the sensing elements in place and, 
because of its insulating properties, prevents rapid changes in the temperature 
of the sensing elements. A low-temperature-vulcanizing clear silicone potting 
compound (ref. 9) was chosen because of its proven resistance to discoloration 
when exposed to ultraviolet radiation (ref. 10). In order to reduce the dis- 
coloration of the potting compound, the optical coating was designed to reflect 
ultraviolet radiation as well as infrared radiation as is shown in figure 11. 
The thermistor shown in figure 15 is mounted in thermal contact with the center 
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L-63-9268 
Figure 14.- Two views of  the completely 

assembled fine sensor. 
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Figure 15.- Construction of sensing elements. 

s i l i con  solar c e l l  of the sensing element and continuously monitors the temper- 
a ture  of t h a t  c e l l .  Two of the four leads of the f i n e  sensing element shown i n  
f igure  13 are  attached t o  t h i s  thermistor. 

As  the  mission requirements become more s t r ingent ,  invest igat ion of the  
degradation of the opt ica l  coating may become necessary. 
t i ons  should reveal t h a t  the degradation of the opt ica l  coating i s  s ignif icant ,  
the problem can be eliminated by the  omission of the op t i ca l  coating. 
problem i s  solved by t h i s  method and i f  t he  overa l l  radiat ion protection i s  
considered t o  be marginal with respect t o  the  mission under consideration, 
addi t ional  protect ion i n  the form of thicker  shielding or more pre i r rad ia t ion  
w i l l  be necessary. If the opt ica l  coating i s  not used, t h e  pot t ing compound 
between the  sapphire window and the solar  c e l l s  must a l so  be omitted since the 
pot t ing compound w i l l  d iscolor  rapidly without the u l t r av io l e t  protection sup- 
p l i ed  by the op t i ca l  coating. 
u l t r av io l e t  re f lec t ing  portion of the opt ica l  coating along with t h e  pot t ing 
c omp ound . 

If future  investiga- 

If the 

An a l t e rna te  approach i s  t o  r e t a i n  only the 

The discolorat ion and resu l t ing  decrease i n  transmission of the pot t ing 
compound i s  an area which a l so  needs further study i n  order t o  specify the long- 
term e f fec t  of the compound on the  s e n s i t i v i t y  of a so lar  sensor. If discolora- 
t i o n  of the pot t ing compound i s  discovered t o  be s ignif icant ,  the  problem can 
be eliminated through the use of a construction technique which does not require 
the  presence of a potting compound between the cover window and the so lar  c e l l s .  
However, the la t te r  construction technique has the following disadvantages: 
l e s s  s t ruc tu ra l  strength; l e s s  insulat ion which w i l l  r e s u l t  i n  more rapid tem- 
perature var ia t ions i n  the  sensing elements; loss  of the heat conduction path 
from the so la r  c e l l s  t o  the window resu l t ing  i n  a higher operating temperature 



fo r  t h e  sensing elements and a corresponding decrease i n  sensor sens i t iv i ty ;  
and the  lo s s  of some protect ion from ionizing radiat ion.  T e s t s  i n  t h i s  labora- 
t o r y  have indicated t h a t  t he re  i s  no s igni f icant  difference, with respect t o  
s t a t i c  acceleration, vibration, and shock, i n  t h e  s t r u c t u r a l  strength of sensing 
elements which w e r e  constructed with and without t he  pot t ing compound between 
t h e  protect ive window and the  s i l i con  solar c e l l s .  If, however, the protect ive 
window i s  s t ruck by a p r o j e c t i l e  (a micrometeriod or a foreign object propelled 
by the  pyrotechnic e jec t ion  of a heat shield,  f o r  example) of suf f ic ien t ,  and 
only suf f ic ien t ,  energy t o  break the window, laboratory tests have shown t h a t  
the  pot t ing compound w i l l  both prevent t he  breakage of t he  so l a r  c e l l s  and hold 
the  broken window i n  place. Figure 16 shows the  results of a tes t  of compara- 
t i v e  m a x i m u m  temperature and r a t e  of change of temperature which w a s  made with 
two f ine  sensors, one with and one without po t t ing  compound between t h e  window 
and c e l l s .  A photoflooO lamp w a s  used as the  source of radiation, the  pointing 
e r ro r  w a s  0' k O.?', and the  temperatures shown are the  average of readings 
taken from opposing thermistors.  

4 Flood lamp on ~- 
20 - 

0 -  I I 1 L I 

x - 4  - Flood lamp off ~ 

I 1 1 1 I -  

Time, min 

Figure 16.- Operating temperature of f ine  so la r  sensor with and without po t t ing  
compound between window and c e l l s .  

CALIBRATIONS AND SPECIFICATIONS 

A carbon arc  solar  simulator w a s  used t o  obtain the  s o l a r  sensor output 
curves presented i n  t h i s  section. A cal ibrated pyrheliometer w a s  used t o  
adjust  the  output of t h e  so la r  simulator t o  one solar constant. The output of 
t he  so la r  simulator w a s  continuously monitored and maintained at t h i s  l e v e l  
during the  ca l ibra t ions .  The spectrum of the carbon arc  simulator w a s  not 
checked; but, t o  expose any s ignif icant  e r rors  i n  t h e  so l a r  sensor ca l ibra t ions  
due t o  spec t ra l  mismatch, a check ca l ibra t ion  w a s  made with a spec t ra l ly  c a l i -  
brated mercury-xenon solar simulator. The check ca l ibra t ion  obtained with the  
mercury-xenon simulator agreed within 10 percent with the  ca l ibra t ion  obtained 
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with t h e  carbon arc simulator; the shapes of t he  two cal ibrat ions were the  
same. 

Because of t he  inherent f l i c k e r  of the  carbon arc  so la r  simulator, it w a s  
necessary t o  use the  sun t o  obtain accurate small angle cal ibrat ions.  
small angle ca l ibra t ions  were made a t  sea l e v e l  on a c lear  day while the  sun 
w a s  near i t s  l o c a l  zenith. The s ta t ionary  sensor w a s  placed i n  the  plane of 
the e c l i p t i c  and i t s  output w a s  continuously recorded, r e l a t ive  t o  an accurate 
time reference. Knowing the  rate of revolution of t h e  ear th  about i t s  polar  
ax is  and the declination of t he  sun a t  the  t i m e  of cal ibrat ion,  it w a s  possible  
t o  convert the  time reference of the  sensor output t o  an angle reference. The 
solar radiat ion w a s  monitored during the  ca l ibra t ions  by a ca l ibra ted  s i l i con  
so lar  c e l l ,  thus, the  so la r  sensor output charac te r i s t ics  could be proportion- 
a t e l y  adjusted t o  an equivalent output at one solar constant ( i .e . ,  t he  amount 
of so la r  energy within the  range of wavelengths t o  which the  s i l i con  so lar  c e l l  
responds w a s  adjusted t o  a value equivalent t o  the so la r  energy present outside 
t h e  ea r th ' s  atmosphere and a t  1 astronomical un i t  (1.5 X lo1' m )  from the sun). 
After adjustment, t h e  s m a l l  angle ca l ibra t ion  curves agreed within 15 percent 
with the ca l ibra t ion  curves obtained by using t h e  carbon arc  simulator a t  t h e  
0.5O and lo points .  

The 

The accuracies quoted, r e l a t ive  t o  these solar sensor cal ibrat ions,  a r e  
adequate since the  primary objective w a s  t o  invest igate  the shape and repeat- 
a b i l i t y  of the  output curves. Figure 17 shows the  single-axis ca l ibra t ion  of 
the coarse sensor and t h e  f i n e  sensor Calibrations a re  presented i n  f igures  18, 
19, 20, and 21. 
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The per t inent  specif icat ions of t h e  f i n e  and coarse so la r  sensors are sum- 
marized i n  t a b l e  111. 
aluminum s t ruc tu ra l  material and the  volumes given are the  volumes of t h e  
parallelepipeds which will completely enclose each sensor. 

The weights given i n  t ab le  I11 are based on 2024-T4 

The s e n s i t i v i t y  of t h e  f i n e  so l a r  sensor i s  a function of e l e c t r i c a l  load 
since the  i n t e r n a l  res is tance of t he  s i l i con  so la r  c e l l  var ies  with illumina- 
t i o n  which causes the  impedance match f o r  maximum power t r ans fe r  t o  vary with 
i l lumination a l so .  Figures 18 and 19 reveal  tha t ,  whereas t h e  current output 
at  small angular e r ro r s  i s  r e l a t i v e l y  independent of load, the voltage output 
var ies  considerably with t h e  load, and, as shown i n  f igure  20, the maximum 
s m a l l  angle s e n s i t i v i t y  i s  obtained a t  high resis tance loads. Figure 20 a l s o  
shows tha t  the  m a x i m u m  large angle s e n s i t i v i t y  occurs a t  a load of the  order of 
100 ohms. The preceding statements lead t o  the conclusion tha t  f i n e  adjustment 
of t h e  s e n s i t i v i t y  of the  sensor t o  a predetermined value within a spec i f ic  
e r ro r  range can be accmplished by varying the  load. Large increases i n  the  
s e n s i t i v i t y  of the  f i n e  so l a r  sensor can be obtained by simply increasing the  
number of so la r  c e l l s  t h a t  are connected i n  se r i e s  t o  form the  individual 
sensing elements. However, increases i n  s e n s i t i v i t y  by t h i s  method a re  obtained 
at  the  expense of increased weight and volume of t he  sensor. 

Reference t o  f igure 18 w i l l  reveal t h a t  t h e  angular range through which 
the  f i n e  sensor output i s  l i n e a r  i s  a l so  a function of the  e l e c t r i c a l  load. 

The angular pointing e r ro r  a t  which control  of t h e  spacecraft  i s  switched 
from the  coarse sensors t o  the  f i n e  sensors has been established as 25O, as 
given i n  table 111. 
purpose sensor t o  insure capture of the  so l a r  disk f o r  any set  of o r b i t a l  param- 
e t e r s .  If the i n i t i a l  o r b i t  of t he  mission posi t ions t h e  spacecraft  i n  contin- 
uous sunlight, t h e  25' switching angle may be necessary t o  insure capture of the  
so la r  disk. If, however, t h e  i n i t i a l  o r b i t  of the  mission takes the  spacecraft  
through the  ea r th ' s  upbra, capture of t h e  so l a r  disk w i l l  occur when the  sun 
appears at t h e  ear th  horizon at which time there  i s  p rac t i ca l ly  no pointing 
e r ro r  induced by ear th-ref lected so la r  radiat ion.  Under the  l a t t e r  conditions, 
the coarse sensors w i l l  be capable of effect ing a capture maneuver t o  within 
a few degrees of the  so la r  disk and the  f i e l d  of view of the  f i n e  sensor can 
be accordingly reduced. The preceding remains t rue  even i f  the  o rb i t  of t he  
spacecraft  l a t e r  becomes a continuous sunlight o rb i t .  

A switching angle of 25' was establ ished f o r  t he  general 

The a b i l i t y  t o  reduce the  f i n e  sensor f i e l d  of view t o  only a f e w  degrees 
allows the  s e n s i t i v i t y  of the  sensor t o  be increased s igni f icant ly  with only a 
small increase i n  weight. This increase i n  s e n s i t i v i t y  i s  achieved by extending b 

the  shadow-box sh ie ld  length as shown i n  f igure  22. The increase i n  s e n s i t i v i t y  
occurs as a r e s u l t  of t h e  f a c t  tha t ,  at a given small angular pointing error,  
the  area of one sensing element i n  the  shadow of the  shield has been increased, 
thus, the  d i f f e r e n t i a l  output of t h e  sensing element p a i r  i s  increased. (See 
r e f .  2 and f i g .  23.) The extended shadow-box method can ce r t a in ly  be applied t o  
a sensor with any f i e l d  of view with equal effectiveness,  except t h a t  a t  large 
angular f i e l d s  of v i e w  the extended shadow-box method of increasing the  sensor 
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sensitivity becomes inferior 
to the method of additional 
cells in series with respect 
to weight and volume of the 
fine sensor. 

Figure 24 shows that, 
depending upon the choice 
of load and angular range 
of interest, the variation 
in the output of the fine 
sensor with temperature can 
be significant. However, an 
accurate knowledge of the 
instantaneous temperature of 
the sensing elements and a 
complete family of tempera- 
ture calibration curves will 
make it possible to take 
full advantage of the capa- 
bility of the fine sensor to 
make angular measurements 
relative to the center of 
the solar disk regardless of 
the load chosen. The knowl- 
edge of the instantaneous 
temperature of the sensing 
elements is obtained through 
telemetry monitoring of the 
thermistors which are 
embedded in each sensing 
element. The required accu- 
racy can be obtained by lim- 
iting the scale of the telem- 
etry channel to a small range 
of temperature. The approx- 
imate operating temperature 
range of the sensor can be 
calculated for a particular 
set of orbital parameters. 

It should be noted at 
this point that all of the 
desirable characteristics of 
the sensor cannot be attained 
simultaneously; thus, a com- 
promise must be made. For 
example, if the fine sensor 

0 1 2 3 4 5 6 7 8 9 10 

Angular pointing ~ P P O ~ ,  deg 

Figure 23.- Single-axis f i n e  sensor output 
current cal ibrat ion with extended shield,  
a = 80. 

L-64-8471.1 
Figure 22.- Fine solar sensor with extended 

shield.  
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Figure 24.- Variation in fine sensor output with temperature 
(output current at an angular pointing error of 20' and a 
temperature of 2 5 O  c equals 100 percent). 

is operated at a high resistance load, the following characteristics are 
present : 

(1) High small angle sensitivity (see fig. 20) 

(2) Restricted linear range (see fig. 18) 

( 3 )  Saturating output and restricted damping range (see fig. 18) 

(4) Variation of output with temperature (see fig. 24) 

( 5 )  Maximum resistance to ionizing radiation damage (see fig. 10) 

If the fine sensor is operated at a low resistance load, the following charac- 
teristics are present: 

(1) Limited small angle sensitivity (see fig. 20) 

(2) Extended linear range (see fig. 18) 

( 3 )  Nonsaturating output and extended damping range (see fig. 18) 

(4) Output independent of temperature (see fig. 24) 

( 3 )  Limited resistance to ionizing radiation damage (see fig. 10) 

The small angle repeatability of the fine sensor was established by making 
several small angle calibrations (see fig. 21) in rapid succession to insure 
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i den t i ca l  tes t  conditions. The following results are based on t h e  maximum 
deviation f romthe  mean of 10 t r ia ls .  A t  an e r ro r  of 1 minute of a rc  the  
repea tab i l i ty  w a s  k2.4 seconds of a rc  (4.0 percent),  and at  an e r ro r  of 1 degree 
of a rc  t h e  repea tab i l i ty  was k0.g minute of a r c  (1.5 percent) .  
t h e  repea tab i l i ty  of t h e  f ine  sensor i s  not a constant percentage of t h e  instan- 
taneous output may be an indicat ion t h a t  a s ignif icant  port ion of t he  noise 
which l imited the repea tab i l i ty  w a s  introduced by random variat ion i n  atmos- 
pheric conditions. 

The f a c t  t h a t  

The lifetime of t h e  f ine  so l a r  sensor, which i s  given i n  t ab le  111, i s  
discussed i n  d e t a i l  i n  t h e  appendix. 

CONCLUDING REMARKS 

Photovoltaic so la r  sensors are, i n  general, inherently simple because they 
have no moving p a r t s  and require no power f o r  operation other than the  radiant  
energy obtained from the sun. The general purpose photovoltaic so l a r  sensor, 
which has been described i n  t h i s  paper, i s  ruggedly constructed by unsophisti- 
cated techniques i n  order t o  maintain the  inherent s implici ty  and thus t o  
obtain excellent r e l i a b i l i t y .  The general purpose so la r  sensor has been 
designed t o  meet t he  needs of a var ie ty  of space missions, and i t s  f l e x i b i l i t y  
allows it t o  be eas i ly  adapted t o  most a t t i t u d e  control  systems. 

The sensor accomplishes the dual functions of coarse and f i n e  sensing. 
The four  coarse sensing elements, when properly located on t h e  spacecraft, have 
a full spherical  f i e l d  of view and the  capabi l i ty  of capturing the  so l a r  t a rge t  
regardless of t he  i n i t i a l  or ientat ion of the  spacecraft  relative t o  t h e  sun- 
ear th  system. The f i n e  so l a r  sensor has a f i e l d  of v i e w  which i s  r e s t r i c t e d  so 
tha t  i t s  pointing accuracy i s  unaffected by ear th-ref lected so la r  radiat ion.  
The s e n s i t i v i t i e s  of the f i n e  and coarse sensors can be adjusted t o  t h e  optimum 
value through the proper choice of load; however, the  adjustment of the  sensi-  
t i v i t y  may involve several  compromises with respect t o  other charac te r i s t ics  of 
the  sensors. The repea tab i l i ty  of the f ine  so la r  sensor i s  k2.4 seconds of arc  
at  a pointing e r ro r  of 1 minute of a rc .  

An inherent weakness of simple photovoltaic so la r  sensors i s  t h a t  they are 
susceptible t o  damage by the  ionizing radiat ion of t he  space environment. Even 
though the  degradation of the  general purpose photovoltaic f i n e  so l a r  sensor has 
not been eliminated, it has been l imited t o  a minimum value by the  geometric 
design of the sensor, by t h e  use of a r t i f i c i a l  sapphire cover windows, by the 
choice of the  proper type of s i l i con  so lar  c e l l ,  by the  use of so la r  c e l l s  which 
have r e l a t ive ly  high base material r e s i s t i v i t i e s ,  by t h e  use of op t i ca l  coatings 
on the  cover windows, by the proper choice of e l e c t r i c a l  load, and by t h e  use 
of the  technique of pre i r rad ia t ion  of t h e  so la r  c e l l s .  In  addition, the possi-  
b i l i t y  of n u l l  s h i f t  i n  t he  f i n e  so l a r  sensor due t o  asymmetrical degradation of 
opposing sensing elements has been decreased through the  use of t h e  technique 
of pre i r rad ia t ion  matching of the s i l i con  so la r  c e l l s .  Several of the  techniques 
t h a t  make the  so la r  sensor r e s i s t a n t  t o  radiat ion damage reduce the  m a x i m u m  
power output of t h e  sensor which i s  equipped with a given number of ce l l s ;  how- 
ever, i n  the  art  of solar sensing, repea tab i l i ty  of t he  output over an extended 
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period of time is much more important than efficiency of operation. 
servatively estimated that the fine solar sensor is capable of surviving the 
worst known space radiation environment for a period of 10 years with no more 
than 10-percent degradation. 

It is con- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., November 16, 1963. 

26 



APPENDIX 

CALCULATION OF EARTH-ORBIT LIFETlMES 

Herein i s  calculated the  approximate ear th-orbi t  l i fe t ime of the  f i n e  
so l a r  sensor f o r  an assumed spec i f ic  space mission. The following assumptions 
apply: 

1. The ear th  o r b i t  occupied by the  assumed spacecraft  i s  iden t i ca l  t o  the  
o r b i t  of Te ls ta r  I: 
512 naut ica l  m i l e s  (947 kilometers); incl inat ion,  44.8'. 

apogee, 3043 naut ica l  miles (5630 kilometers); perigee, 

2. The m a x i m u m  to le rab le  degradation of t he  output of t he  f i n e  so la r  sen- 
s o r  i s  10 percent of i t s  i n i t i a l  value. 

3 .  The amount of pre i r rad ia t ion  degradation of the  sensor i s  (a) 0 percent, 
(b )  25 percent, and ( c )  50 percent. 

From f igure  6, t he  1 MeV electron radiat ion dose r a t e  which i s  equivalent 
t o  t h a t  of the  t o t a l  rad ia t ion  f o r  the Telstar I o rb i t  f o r  a shielding of 
1.57 g/cm2 i s  5.3 X 1011 electrons/cm*/day or  1.9 X 1014 electrons/cm2/year. 

(a)  From f igu re  9, t he  amount of 1 MeV electron radiat ion required t o  

Therefore, the  
degrade the i n i t i a l  shor t -c i rcu i t  current of t he  sensor by 10 percent ( i .e . ,  
from 100 percent t o  90 percent)  i s  1 x 101-4 electrons/cm2. 
o r b i t a l  time required t o  degrade the sensor t o  90 percent Isc,o i s  

= 0.53 year 1 x 1014 electrons/cmp 

1.9 x 1014 electrons/cm2/year 

The radiat ion damage protect ion afforded the  sensor by the  sapphire cover win- 
dows i s  included i n  t h i s  l i f e t ime  calculat ion.  Also included i s  the  r e s i s t -  
ance t o  rad ia t ion  damage provided by pre i r rad ia t ion  (zero percent i n  t h i s  case),  
N/P The geo- 
metric design of t he  sensor, op t i ca l  coatings, and e l e c t r i c a l  load a l so  s igni f -  
i can t ly  a f f e c t  the  l i f e t ime  of t he  sensor. However, t h e  e f f ec t  of t he  elec-  
t r i c a l  load w i l l  not be considered s ince t h i s  load w i l l  depend upon the  
requirements of each spec i f ic  mission. 

s i l i con  so la r  ce l l s ,  and 10 ohm-cm base material r e s i s t i v i t y .  

The above calculated l i fe t ime i s  based upon the  omnidirectional space radi-  
ation; the  geometric design of  t h e  sensor block limits the  space rad ia t ion  t o  
6 percent of i t s  omnidirectional value and gives a l i fe t ime of 

- =  0.53 0.8 years 
0.06 

The op t i ca l  coatings (see f i g .  8) reduce the  e f f ec t ive  degradation of t he  sensor 
t o  50 percent of t h e  degradation which would occur without t he  use of t h e  op t i ca l  
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coatings. Thus the lifetime now becomes 

- -  8.8 - 17.6 years 
0.5 

(b) From figure 9, the amount of 1 MeV electron radiation 
degrade the short-circuit current of the sensor by 10 percent 
75 percent I ~ ~ , ~  to 67.5 percent I ~ ~ , ~ )  is 

2.8 x lo1? electrons/cm2 - 9 x 1014 electrons/cm2 = 19 X electrons/cm2 

Therefore the orbital lifetime is 

19 x 1014 electrons/cm2 
= 10 years 

1.9 x 1014 electrons/cm'/year 

the geometrical design lifetime is 

- -  lo - 167 years 
0.06 

and the optical coating lifetime is 

(c) From figure 9, the amount of 1 MeV electron radiation required to 
degrade the short-circuit current of the sensor by 10 percent (i.e., from 
50 percent Isc, to 45 percent I,,,,) is 

Therefore the orbital lifetime is 

5 x 1016 electrons/cm* 
1.9 x 1014 electrons/cm2/year 

= 263 years 

the geometrical design lifetime is 

- -  263 - 4400 years 
0.06 
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and the  op t i ca l  coating l i f e t ime  is  

4400 - = 8800 years 
0.5 

The results of these calculat ions are presented i n  t ab le  I V  f o r  both the  
case which includes the protect ion supplied by the  opt ica l  coating and the  case 
which excludes t h e  protect ion supplied by t h e  opt ica l  coating, since, as s t a t ed  
i n  the  body of t h e  paper, it may be advantageous t o  omit t h e  op t i ca l  coating f o r  
ce r t a in  missions. For comparison, t he  expected l ifetimes of t he  two addi t ional  
cases, i n  which the  maximum to le rab le  degradation is 1 percent, are a l s o  pre- 
sented i n  t ab le  IV. The l i fe t imes  calculated may seem r idiculously high and 
the reader may wonder i f  a l l  of the  techniques f o r  increasing the  space l i fe -  
t i m e  of the sensor are r e a l l y  necessary. However, consideration of t he  f o l -  
lowing information w i l l  m a k e  it c l ea r  t ha t  design f o r  the maximum l i fe t ime i s  
de f in i t e ly  i n  order. F i r s t ,  t he  space radiation data  obtained by the  various 
ear th  satell i tes over a period of years indicate  t h a t  t he  radiat ion f l u x  of t h e  
Van Allen Belts var ies  continuously by orders of magnitude. Second, although 
the Telstar I experiment i s  one of t he  best  s ingle  sources of both ground and 
space semiconductor rad ia t ion  damage data, it i s  somewhat l imited i n  scope; 
t h i s  l imi ta t ion  r e s u l t s  i n  t h e  more than s l i g h t  poss ib i l i t y  of e r rors  as large 
as orders of magnitude being introduced in to  the  data  presented i n  f igure  6. 
The extrapolation of the  Telstar I data  i n  f igure 6 w i l l ,  of course, sus ta in  
the  e r rors  i n  the  o r ig ina l  data  and could conceivably magnify t h e  o r ig ina l  
e r rors .  Third, the  degradation of t h e  sapphire cover window, the  op t i ca l  
coating, and the opt ional  po t t ing  compound has been neglected i n  the  preceding 
calculat ions because of the  lack  of suf f ic ien t  data  t o  specify the  e f f ec t  of 
these degradations upon t h e  l i f e t ime  of the sensor. A s  w a s  s t a t ed  i n  the  body 
of t h i s  paper, these degradations may be s igni f icant .  

In v i e w  of t he  large var ia t ions i n  the  radiat ion f lux  of t he  Van Allen 
Belt, t he  possible inaccuracies i n  the data  presently avai lable  on the  in-space 
radiat ion damage of semiconductors, and the  deficiency of data  avai lable  on the  
radiat ion degradation of a r t i f i c i a l  sapphire, commercial op t i ca l  coatings, and 
pot t ing  compounds, the general  purpose solar  sensor should be designed with 
safety fac tors  of orders of magnitude. Based on the current state of t h e  art, 
it i s  most conservatively estimated t h a t  a sensor can be designed which w i l l  
degrade no more than 10 percent over a period of 10 years i n  the  near ear th  
space environment. 
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TABIXC I.- DOSAGE REQUIRED FOR SUCCESSIVE 10-PERCENT INCREMENTS 

OF 10 OHM-CM N/P SILICON SOLAR CELL DEGRADATION 

C e l l  degradation 

100 t o  90 percent 

90 t o  80 percent 

80 t o  70 percent 

70 t o  60 percent 

60 t o  50 percent 

50 t o  40 percent 

40 t o  30 percent 

30 t o  20 percent 

20 t o  10 percent 

10 t o  0 percent 

Dosage, 
1 MeV electrons/cm2 

I 



TABL;E 11.- ENVIRONMENTAL TEST MAGNITUDES 

Test 

General vibration 

Special vibration 

Acceleration 

Shock 

Vacuum 

Thermal 

Magnitude 

Pitch and yaw axes 

+2g at 20 to 100 cps 
f4g at 100 to 500 cps 
f6g at 500 to 2000 cps 

flog at 550 to 650 cps 

160g 

Roll axis 

+4g at 20 to 100 cps 
+14g at 100 to 500 cps 
k28g at 500 to 2000 cps 

+-43g at 550 to 650 cps 

5% 

30g for 10 milliseconds 
. - . .  

10-7 millimeter of Hg 
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TABLE 111.- SPECIFICATIONS 

Structural material . . . . . . . .  
. . . . . . . . . . . . . .  Weight 

Volume . . . . . . . . . . . . . .  
Sensing transducers . . . . . . . .  . . . . . . . . . . . . . .  Type 
Number per element 
Size . . . . . . . . . . . . . .  
Res istivi ty . . . . . . . . . . .  

. . . . . . .  

Triggering element . . . . . . . .  

Protective windows . . . . . . . .  

Optical coating . . . . . . . . . .  
Potting compound (optional) . . . .  
Response time . . . . . . . . . . .  

2024-T4 aluminum 

45Og 

259 cm3 

N/P 
Silicon solar cells 

3 
2.0 cm by 0.5 cm 

10 ohm-cm 

UT2175 photoconductive 
diode 

0.15-cm-thick artificial 
sapphire 

See figure 11 

Clear silicone 

20 microseconds 

General purpose : 
Switching angle . . . . . . . . .  
Sensitivity (100-ohm load) . . .  
Linear range (100-ohm load) . . .  

Special purpose (extended shield): 
Switching angle . . . . . . . . .  
Sensitivity (100-ohm load) . . .  
Linear range (100-01~~ load) . . .  

Repeatability 
(Pointing error = 1 minute) . . .  

25' 

k2.4 seconds 

0.7 mA/degree 
+8O 

ao 
2.0 mA/degree 

+lo 

I 
1 Lifetime 

(10-percent degradation) . . . .  
1 .- 

10 years 
(estimated) 

Coarse sensor 

2024-T4 aluminum 

883 

46 cm3 

Silicon solar cells 

3 
N/P 

0.15-cm-thick artificial 1 
sapphire I 

i See figure 11 

Clear silicone 

20 microseconds 
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TABLE 1V.- APPROXIMATE FINE SENSOR EARTH-ORBIT LIFETIMES 

M a x i m u m  to le rab le  
degradat ion, 

percent 

_I ~. 

10 

10 

10 

1 

1 
. .  

Pre i r rad ia t ion  
degradation, 

percent 

Approximate l i fe t ime,  
years 

With op t i ca l  
coating 

18 

334 

8 800 

500 

20 000 
. . - - . - . 

Without opt ic  a1 
coating 

9 

167 

4 400 

250 

10 000 
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